plasticity.
plasticity. The inset shows the experimental configuration, in which two independent inputs (S1 and S2) were stimulated in alternation (n ϭ 5). Stimulation to S2 was turned off immediately prior to NMDA application and was resumed 30-40 min later, while S1 was stimulated at baseline frequency (0.033 Hz) throughout the duration of the experiment. Both S1 and S2 depressed to the same level.
(E) Chem-LTD is not due to tonic activation of NMDA receptors. 100 M AP5 was applied immediately after NMDA, as indicated by the dark bar, to block any possible tonic activation of NMDA receptors (n ϭ 6). Chem-LTD was not affected by this manipulation. (F) Chem-LTD is saturable. A second application of NMDA given 1 hr after the first did not produce any further depression (n ϭ 22).
The electrical stimulation requirements for LTD induc-1 Hz stimulation and (2) that using this technique, we can detect a persistent dephosphorylation of the GluR1 tion in vitro appear to be less stringent than those for LTP induction. Although 900 pulses at 1-3 Hz remains subunit of the AMPA receptor. Our results suggest that dephosphorylation of the GluR1 subunit of the AMPA the standard protocol for inducing LTD (Dudek and Bear, 1992) , several other types of stimulation can be equally receptors may, at least in part, mediate NMDA receptordependent LTD. effective (e.g., Debanne et al., 1994; Cummings et al., 1996) . Presumably, any stimulation protocol that selectively activates the appropriate biochemical cascade in Results the postsynaptic neuron should be sufficient to induce LTD. We were interested in the possibility that LTD could Brief Application of NMDA Causes Synaptic Depression be induced in slices of the hippocampus simply by pharmacologically activating NMDA receptors. Our motivaHippocampal slices were prepared from young (postnatal day [P] 21-35) male Long-Evans rats, and synaptic tion for attempting this approach was to develop a paradigm in which LTD is induced at synapses throughout field potentials (FPs) in stratum radiatum were recorded in response to baseline stimulation of the Schaffer collatthe slice instead of being confined to only those synapses that are within reach of a stimulating electrode. erals every 30 sec. After collecting stable baseline responses, we attempted to induce LTD by bath applying This paradigm could then be used for biochemical detection of changes in AMPA receptor phosphorylation. low concentrations of NMDA. We failed to observe any lasting effects of brief applications of 5 or 10 M NMDA; Here, we present evidence (1) that brief bath application of NMDA produces a form of LTD in CA1 (chemhowever, a 3 min application of 20 M NMDA consistently produced a long lasting depression of the evoked LTD) that is similar to homosynaptic LTD produced by ] ϭ 1.5 mM in all one series of experiments (n ϭ 5), two stimulating eleccases; data not shown). Therefore, we used 20 M trodes were used to activate independent inputs to the NMDA for 3 min in the presence of 2.5 mM Ca 2ϩ for all same population of CA1 neurons ( Figure 1D ). Stimulation subsequent studies of chemically induced LTD (chemof one input (S2) was turned off immediately prior to LTD).
NMDA application and resumed 30-40 min post-NMDA. Figure 1 illustrates the basic effect of a 3 min bath We found that the magnitude of chem-LTD measured application of 20 M NMDA on excitatory synaptic trans-80 min post-NMDA in the unstimulated input (S2: 84 Ϯ mission in CA1. NMDA transiently abolishes synaptic 3% of baseline slope) was not different from the control responses, owing to depolarization of the neurons in the input (S1), which received baseline stimulation during slice, and this is followed by a recovery and relaxation to the NMDA application (84 Ϯ 1% of baseline slope). In a stable response that is depressed, relative to the initial a second series of experiments, stimulation was turned baseline value. Chem-LTD could be elicited in intact off in both inputs during NMDA application (data not slices (82% Ϯ 3% of baseline at 60 min post-NMDA, shown). The resulting chem-LTD (81% Ϯ 7% of baseline, n ϭ 25), although it was slightly more reliable in slices n ϭ 4) was not different from the same day control slices in which CA3 was surgically removed (76% Ϯ 1%, n ϭ that received stimulation (83% Ϯ 1% of baseline, n ϭ 84; Figure 1C ). Chem-LTD was not associated with a 4). Therefore, we conclude that induction of chem-LTD change in the fiber volley (e.g., Figure 1B ). Chem-LTD does not require electrical activation of presynaptic intypically was stable 60 min post-NMDA application (e.g., puts to CA1 neurons. Figures 1A and 1D-1F) ; therefore, we used the magniPreincubation with 100 M 2-amino-5-phosphonovaltude of chem-LTD at this time point for statistical comeric acid (AP5) completely prevented establishment of parisons. At 60 min post-NMDA, there was no change chem-LTD (n ϭ 2; data not shown), confirming that the in paired pulse facilitation (data not shown), suggesting NMDA is acting at NMDA receptors to produce the synthat the effect may not be accounted for by a change in aptic depression. The simplest interpretation of the data the presynaptic glutamate release probability. Although is that transient NMDA receptor activation initiates a the effect of age on chem-LTD was not studied systemprocess that produces stable depression of synaptic atically, posthoc analysis of our experiments revealed transmission in CA1. However, an alternative explanathat chem-LTD magnitude in slices prepared from anition could be that NMDA does not wash out of the slice, mals during the fourth postnatal week (P21-P28, 75% Ϯ and it is the tonic activation of NMDA receptors that 1% of baseline, 1 hr post-NMDA, n ϭ 79) was signifiis responsible for the apparent reduction in synaptic cantly greater than in slices prepared from animals dureffectiveness. To rule out this possibility, we performed ing the fifth postnatal week (P29-P35, 82% Ϯ 2% of a series of experiments (n ϭ 6) in which the NMDA was baseline, 1 hr post-NMDA, n ϭ 30, p Ͻ 0.01).
immediately chased with 100 M AP5 ( Figure 1E ). We The fact that chem-LTD was reliably observed in slices found that chasing with AP5 had no significant effect (FP with CA3 removed suggests that NMDA is exerting its slope at 60 min post-NMDA ϭ 74% Ϯ 5% of baseline), effect by a direct action on the CA1 neuropil. However, confirming that expression or maintenance of chem-LTD does not require NMDA receptor activation. this effect of NMDA could be to promote depression of One obvious worry is that chem-LTD is simply a reflection of the excitotoxic actions of NMDA on neurons in CA1. As a first test of this possibility, we examined the effects of repeated applications of NMDA. We reasoned that if chem-LTD was caused by damage to CA1 neurons, then repeated exposure to NMDA would produce cumulative decreases in the size of the evoked responses until they disappeared altogether. In this series of experiments (n ϭ 22), the FP slope was depressed to 76% Ϯ 2% of the baseline value 60 min after the first application of NMDA ( Figure 1F) . A second application of NMDA, however, failed to produce any significant additional depression (72% Ϯ 3% of the initial baseline at 60 min after the second exposure to NMDA; 94% Ϯ 4% of the renormalized baseline). These data suggest that chem-LTD, like homosynaptic LTD, is saturable.
Induction of Chem-LTD Is Postsynaptic and Voltage-Dependent
Another way to rule out excitotoxic cell death as the basis for chem-LTD is to record from individual neurons The occlusion of chem-LTD by prior saturation of homosynaptic LTD argues strongly against excitotoxicity as inability to fully repotentiate the synapses in these experiments is not surprising, given the well-documented a mechanism for the observed synaptic depression. Instead, these data suggest that 1 Hz stimulation of the "metaplastic" effects of prior, strong NMDA receptor activation on LTP . This fact Schaffer collaterals and NMDA produce synaptic depression via a common mechanism. does not diminish the significance of the observation that potentiation consistently did occur in response to
In that remains after chem-LTD is similar to the residual digested with trypsin, and the resulting phosphopeptides were subjected to two-dimensional thin layer chrochem-LTD that can be induced with a second applicamatography (TLC; Figure 5B ). The phosphopeptide maps tion of NMDA (94% Ϯ 4%; see Figure 1F ). Taken togenerated were essentially identical to maps previously gether, the data suggest that chem-LTD and homosynobtained from cells in culture ( 
Chemically Induced LTD Promotes Dephosphorylation of GluR1
We next examined the phosphorylation of the AMPA receptor GluR1 subunit using the phosphorylation sitespecific antibodies before and after chem-LTD induction ( Figure 6A ). Immunoblots of membrane proteins isolated from hippocampal slices before and after NMDA treatment with the anti-serine 831 antibody demonstrated that the phosphorylation of serine 831 does not change during chem-LTD ( Figure 6A ). In contrast, phosphorylation of GluR1 on the major PKA site, detected using the anti-phosphoserine 845 antibody, was dramatically and reproducibly reduced after NMDA treatment ( Figure 6A ).
Immunoblot analysis with phosphorylation-independent antibodies to GluR1 demonstrated that the overall level of GluR1 does not change during chem-LTD.
The averages of the time course of NMDA-induced GluR1 dephosphorylation is shown in Figures 6B and  6C . NMDA-induced dephosphorylation of Ser 845 was rapid and, similar to the synaptic depression, was still observed 60 min after LTD induction ( Figure 6C ). In contrast, no significant changes in serine 831 phosphorylation were observed ( Figure 6B ). As seen with the NMDA receptor-dependent chem-LTD, this decrease in GluR1 phosphorylation was blocked by pretreatment of the slices with AP5 (100 M). AP5 by itself had little effect on the basal level of serine 845 phosphorylation ( Figure 6C ).
Electrophysiological analysis showed that synaptic depression was observed following treatment with 20 intracellularly (Figure 2) , showing that the reduction in the FP was not accounted for solely by a loss of responUsing the chem-LTD procedure, we examined biochemically one candidate mechanism for synaptic desive postsynaptic neurons. In addition, the cells expressing chem-LTD did not show a decrease in input pression, dephosphorylation of AMPA receptors. We find that dephosphorylation of Ser 845, but not Ser 831, resistance or changes in action potential morphology, which normally occur during necrosis (Choi, 1992) . Sixth, of the GluR1 subunit correlates with synaptic LTD under a number of different conditions. Phosphorylation of Ser chem-LTD can be reversed (Figure 3) , showing that at least some synapses undergoing chem-LTD are still via-845 has been shown previously to potentiate glutamateevoked currents at AMPA receptors (Roche et al., 1996) , ble and able to support LTP. Seventh, and finally, the saturation of homosynaptic LTD by the delivery of LFS and dephosphorylation of this site should have the opposite effect. Thus, the dephosphorylation of Ser 845 to one set of synapses occludes chem-LTD at that set of synapses but not at others on the same postsynaptic of the GluR1 subunit of the AMPA receptor may significantly contribute to the NMDA receptor-dependent neurons ( Figure 4A ). The saturation of homosynaptic LTD would not be expected to confer selective protec-LTD.
tion of a synapse from excitotoxic damage caused by NMDA.
Chem-LTD: Excitotoxicity or Synaptic Plasticity?
A major concern with bath application of NMDA is that Taken together, these considerations lead us to conclude that chem-LTD is not a manifestation of excitotoxiit may produce irreversible neuronal damage (reviewed by Choi, 1992 Choi, , 1994 
